The free 4S RNA of avian RNA tumor viruses is greatly enriched in one of the four methionine tRNAs of the host cells, tRNAjj 16 *. On the assumption that viral t R N A M e t forms are identical to the corresponding tRNAs of mouse or chick cells, the following conclusions were drawn concerning the t R N A M e t content of oncornaviruses:-(1) t R N A M e t species may be compartmentalised within the host cells, and the viral tRNA pool could reflect the cellular compartment in which viral maturation takes place since t R N A /let , have already been determined and the sequence of another host cell t R N A^e t , tRNA g | e t , was derived from the analogy of its sequence to that of tRNA|{' et since the two molecules differ in only 6 nucleotides out of 76. (4) Avian myeloblastosis virus reverse transcriptase has been shown to bind specifically tRNA^" e t and t R N A ' r P in whole cell tRNA and therefore the free t R N A^e t in the virion particle may exist substantially bound to virion-associated transcriptase.
forms distribute unevenly between different fractions of a cell homogenate. (2) tRNAJj^e t appears to have no special role in the modulation of protein synthesis in as much as no functional difference between t R N A^ and tRNAjjf et , tRNAJj / ' et could be demonstrated in in vitro oratein synthesising systems. (3) tRNAjj 16 * differs in nucleotide sequence from all other host cell t R N A 1^* forms except possibly t R N A^e t . The nucleotide sequences of two t R N A M e t species, tRIMAy 1 " andtRNAJ] /let , have already been determined and the sequence of another host cell t R N A^e t , tRNA g | e t , was derived from the analogy of its sequence to that of tRNA|{' et since the two molecules differ in only 6 nucleotides out of 76. (4) Avian myeloblastosis virus reverse transcriptase has been shown to bind specifically tRNA^" Introduction Functional tRNA forms an integral component of the virion particles of RNA tumor viruses (1) (2) (3) .
Within oncomaviruses this tRNA is divided physically into two separable pools. Most of the viral tRNA exists free of the nucleocapsid and sediments as a 4S peak on sucrose gradient profiles of total viral RNA obtained by extraction of virus with phenol-SDS; an additional tRNA containing component is released when the 6O-7OS RNA viral genome is subjected to thermal denaturation (4) . This "70S-associated" 4S RNA fraction comprises 2-32 of the undernatured 70S RNA and less than 5% of the total viral tRNA.
The 4S RNA existing free within oncomaviruses differs from the tRNA pools of normal and neoplastic host cells in both the degree to which i t accepts different amino acids and also in its relative abundance of individual tRNA species. Although viral free 4S RNA is probably host cell in origin, its composition does not suggest that tRNA is randomly acquired from the host cell during viral maturation.
Instead a specific selection process is implied from the preferential acquisition of particular tTNA species (5, 6) .
There is a great deal of consistency between the different avian oncornaviruses with regard to the tRNA species they contain, (5, 6, 3) and in addition other types of virus released by budding from cell membranes have not been found to contain tRNA populations. <lhese facts in combination suggest that these tRNAs are of importance in oncornavirus biology and represent a more than incidental inclusion during viral maturation. Met Avian and mammalian cells contain four isoaccepting tRNA species (7) .
These tRNAs can be separated by chromatography on RPC-5 adsorbent, and they are designated tRNA^1' tRNA^1, tRNA^e t and tRNA^.tRNA^ is the Met initiator tRNA of protein synthesis (8) often designated tRNA f .
1 , tRNA^1 and tRNA^1 function in polypeptide elongation and these three tRNAs are isoaccepting tRNA^e t species (7,9, 10).
The free and 70S-associated oncornaviral tRNA pools have been shown to contain all four of these t RNA isoacceptors. However, the relative abundance of the four tRNAs in these fractions differs considerably from the proportions in which they occur in host cells.
Viral free 4S RNA is greatly enriched with respect to tRNA^1" and contains only trace amounts of tRNA^1, tRNA^e t and tRNA^e t .
In contrast, 70S-associated 4S RNA Met contains significant amounts of the initiator tRNA, tRNA 1 , as well as tRNA^* (7, 11) . Despite these differences, the tRNA^1 species present Met in viruses appear to be identical to the tRNA isoacceptors of the host Met cells.
Corresponding viral and host tRNA forms not only co-chromatograph on RPC-5 columns, but also exhibit the same functional activities in in vitro protein synthesis systems programmed with either synthetic or natural mRNAs (11).
Thus, for the purposes of this study, we h3ve assumed that the viral tRNA forms are identical to the corresponding tRNAs of mouse or chick cells.
Several hypotheses can be advanced to explain the difference in the relative proportions of tRNA^ isoacceptors in host-cell, viral free and viral 70S-associated tRNA pools: (1) The three tRNA species could be functionally disparate and insert methionine at different AUG codons in mRNA. According to this model, the preferential acquisition of tRNA^1" could reflect the operation of tRNA modulation (12) and have a function in the regulation of viral protein synthesis. (2) tRNA^* , tRNA^* and t R N A^ might not represent three distinct tRNAs but various conformations or modification states, separable by column chromatography, of a single nucleotide sequence. Since AMV is known to carry a methylase enzyme (13) one might envisage that all three t R N A m e t foms are encapsulated and that tRNA^* and tRNA^* subsequently become modified to M ot (3) tRNA^ could be preferentially-acquired by oncornaviruses as the result of an unequal distribution of isoacceptor tRNAs within different compartments of the host cell. Acquisition would then reflect the location of the virus within the cell during processes of assembly and maturation. Such intracellular partitioning of tRNA species might be profoundly influenced by tRNA-binding components within the cell. The demonstration of a highly specific binding of tRNA ^ and to a lesser Met extent tRNA« by avian oncornaviral reverse transcriptase (14) raises the possibility that these two tRNAs may be bound to the transcriptase enzyme in oncornavirus particles. Their distribution in the host cells may also be influenced by intracellular compartmentation of transcriptase.
In this study no evidence could be obtained which suggested a role for different tRNA' isoacceptors in the tRNA modulation of protein Me t Me t synthesis. From structural studies performed on tRNA., and tRNA. of mouse myeloma cells it was deducted that these two tRNAs differ in primary structure and are not interconvertible by modification. The third hypothesis was tested by analysing the tRNA isoacceptor content of crude chick fibroblast cell fractions isolated by differential centrifugation. The results obtained suggest the possibility that tRNA species be partitioned into different cellular compartments.
Materials and Methods
AMV was purified from the serum of 10-15 day old leukaemic chickens, and 4S RNA was isolated from chick embryos, myeloblasts, purified AMV, and chick embryo fibroblasts by procedures previously described (4, 5). Amino-acyl-tRNA synthetases were prepared from homogenates of chick embryos by the method of Taylor et a)_ (12), and stored in liquid nitrogen.
The tRNAs were acylated in vitro in reaction mixtures which included: 100 mM Tris-HCl, pH7.5, 10 mM MgCl 2 , 150 mM KC1, 5mM ATP, 0.5 mM CTP, 50 /iM unlabelled amino acids excluding methionine, 20-50 ^ig/ml tRNA, 200-500 synthetase protein, and approximately 30 /iCi S-methionine,, Acylated tRNAs were isolated after a 15 minute incubation at 37°C by phenol-SDS extraction at pH 4.5. L-S-methionine (156.8 Ci /mT1) was purchased from New England Nuclear, Boston, Massachusetts.
Acylated tRNA samples containing 10,000-20,000 cpm were applied to a 0.9 x 30 cm. column of RPC-5 (Miles Laboratories, Kankankee, I l l i n o i s ) , and the isoaccepting Met-tRNA species eluted and isolated as previously described (7, 11) .
Secondary or tertiary chick embryo fibroblasts were crudely Q fractionated by differential centrifugation as follows: approximately 10 cells were harvested by scraping the culture dishes, washed twice with Tris-buffered saline (10 mM Tris-HCl, pH 7.5, 146 m M NaCl), and resuspended in 20 ml hypotonic lysis buffer (10 mM Tris-HCl, pH 7.5, 1.5 mM MgCl 2 , 15 m M KC1, 6mM 2-mercaptoethanol). After swelling at 4°C for 10 minutes, the cells were lysed by 30 strokes in a glass homogeniser with Teflon pestle. Two ml of 120 mM KCL, 25 mM Tris-HCl pH 7;5, 2 m M MgCl 2 was then added slowly, with stirring. The "nuclear" fraction was isolated by centrifugation at 600 g for 10 minutes. The pellet was washed once with buffer containing 1% Brij/DOC in order to remove soluble contaminants. The f i r s t supernatant was centrifuged at 8,000 g for 10 minutes, and this pellet was labeled as a "mitochondria!" fraction.
The supernatant was then centrifuged at 15,000 g for 30 minutes to yield a "microsomal" fraction. This last supernatant was centrifuged at 40,000 g for 4 hours, to pellet a "ribosomal" fraction, and to yield as supenatant a soluble "cytoplasmic" fraction. This procedure yields only a crude fractionation, and the names used to describe the fractions are merely operational definitions.
RNA was extracted from the five fractions by treatment with phenol-SDS. High molecular weight RNA was removed by 2 M NaCl precipitation, leaving the solution at 4°C for 16-20 hours. The high salt supernatants, containing crude 4S RNA, were acylated with S-methionine and chromatographed on RPC-5 as described above.
The post-microsomal supernatant fraction of mouse P3K plasmacytoma 32 cells grown in the presence of P-phosphate was the g i f t of Drs N J Cowan, T Harrison, G G Brownlee and C Milstein. The purification of tRNA species from the total p-tRNA of this preparation has been described (10, 15, 16) . The procedures employed in the fingerprinting of tRNA and in the analysis of oligonucleotide structures were as detailed as elsewhere (10, 17).
Results
Polypeptides labeled by the methionyl moiety of Met-tRNA^* in in vitro protein synthesis reactions are the same irrespective of the isoaccepting Met-tRNAm species acting as methiom'ne donor I f the three tRNA^1 species, tRNA^1 , tRNA^1 , recognise different base sequences around the AUG codons in mRNA, they might be expected to donate methionine for insertion at different positions in protein sequences.
I f , for example, viral mRNA has a preponderance of the ition A^* p , sequence corresponding to Met-tRNAv 6 recognition, then this tRNA might be required more frequently than tRNAp 61 or tRNA^* when viral mRNA is translated. Experiments designed to test this hypothesis have consistently yielded negative results.
Isotopically pure ^S-Met-tRNA^* and^1 were prepared from mouse ascites cell tRNA by RPC-5 chromatography. These Met-tRNA species were then used as methionine donors in a mouse ascites cell pre-incubated "S-30" system using encaphalomyocarditis (EMC) viral RNA as messenger (7, 9 ). The translation products were then analysed by tryptic digestion and two-dimensional peptide mapping. The translation products synthesised in the presence of either ^S-Met-tRNA^* or ^S-Met-tRNA^* yielded exactly equivalent peptide labeling patterns (data not shown). AMV tRNA^* , acylated in vitro with 35 S-methionine also gave an identical peptide labeling pattern when tested in the same system (9) . Furthermore the products of protein synthesis in the rabbit reticulocyte lysate have been shown to yield the same tryptic peptides whether rabbit liver ^S-Met-tRNA^, ^S-Met-tRNA^1 or ^S-Met-tRNA^ was present during synthesis (10).
These results indicate that the different tRNA m foms c a n a11 t r a n s f e r their amino acid moiety to the same locations in the proteins synthesised in these in vitro systems.
tRNA 3 and tRNA 4 e possess similar but not identical nucleotide sequences and cannot be interconverted by modification enzymes
The primary structures of mouse myeloma tRNA^and tRNA^1 were investigated in order to establish whether different apparent tRNA forms arise by modification of a common nucleotide sequence. The full Met sequence derivation of tRNA.
has been described elsewhere (15) and Met this section describes the determination by homology of the mouse tRNA 3 structure and emphasised the close structural similarity between this tRNA and tRNA^1. This study did not embrace tRNA^6* since this species could not be obtained in sufficient amounts for detailed structural analysis. Although this work utilised tRNA prepared from a mammalian cell type, the structures of methionine tRNAs are known to be highly conserved between different mammalian and avian cell types (10, 15, 16, 18, 19) and tRNA, is completely conserved between species as divergent I lylQi.
as man and salmon (29) . Mouse and chick tRNA-yield identical twodimensional oligonucleotide fingerprints and are probably identical in structure (15, 20) . Chick fibroblast, mouse ascites cell and avian
Mat
RNA tumour virus tRNA species also behave identically as methionine donors in in vitro protein synthesis (11). This fingerprint is only slightly more complex than that obtained from tRNA^* alone (Fig.2B) .
There are apparently several T 1 ribonuclease digestion products common to both tRNA species, but four oligonucleotides are present in Fig. 1 which are not found in the fingerprint of a sample containing only tRNAv 6 . These products are numbered tl7 to t20 and the analysis of their structures is summarised in Table 1 . Fig. 2A shows the fractionation of a T, ribonuclease digested sample containing substantially tRNA, , plus a small amount of tRNA, . The Mot corresponding fingerprint of tRNA. is reproduced alongside for comparison (Fig. 2B) . Nucleotide analysis showed tlO, t i l , tl2 and tl5 of the tRNA. fingerprint (nucleotide sequences as derived in ref. 15 upland listed in Table 2 ) not to be derived from tRNAV* All other T,
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ribonuclease products of tRNA^r (nucleotide sequences given elsewhere, Met (15)) were present in T, ribonuclease digests of the tRNA 3 isoacceptor. tl7, t l 8 , tl9 and t20 are identified in Fig. 2A . Broken arrows in this figure indicate some products in low yield which are absent from the tRNA.
fingerprint (Fig 2B) and which are mostly drived from contamination of the tRNA sample with tRNA™ . (15)) due to more extensive T-j ribonuclease digestion of the sample in fingerprint (a) relative to that of (b). Also oligonucleotide/? arises from a partial isomerisation of the m A nucleoside of tl8 to m A during the tRNA work-up procedure. and p20 of Table 2 ) were not present in the digest of tRNAj , and a pancreatic ribonuclease digest of the latter species contains at least three additional oligonucleotides (p21, p22 and p23 of Table 1 , analysis showed that i t contained both trinucleotides. Thus the apparent difference at this position in the fingerprints can be attributed to a difference in the f i r s t dimension electrophoretic separations such that these two trinucleotides separated in (a) but not in(b).
The digestion products derived from tRNAj but not tRNA' {Table 1) are very closely related in sequence to the products uniquely obtained from »Met as is summarised in Table 2. and tRNA. therefore appear to have closely related, although not quite identical, nucleotide sequences. The m G of p9 of tRNA* represents a modified residue not present in the tRNA^1" isoacceptor.
The differences between fingerprints of these two tRNAs can be explained by substituting six nucleotides of the tRNA. sequence in the corresponding structure of tRNA^ (Fig.4) . Two of these differences amount to a replacement of nucleotides in loop regions (the substitution of an not to disturb the base-pairing.
The unknown minor nucleoside N was identified only in tRNA, and not in tRNA-,. Its electrophoretic and chromatographic properties indicate that i t does not correspond to any previously reported minor component of tRNA, and suggest that i t is a derivative of uridine (10). In the pancreatic ribonuclease digest of tRNA^ , N was present in the tetra-nucleotide (A-G.G)Np, (p22), a fragment which appears to replace Mat A-G-G-Dp (pl6) in the equivalent digest of tRNA" et (Table 2) . N was present in the T 1 ribonuclease digest of tRNA^ as N-A-Gp (tl7) and quantitations (not shown) indicated that only one molecule of D-A-Gp was obtained upon T, ribonuclease digestion of tRNA-in place of two molecules of the same trinucleotide in the corresponding digest of 1 . Therefore N is probably present in loog 1 of the ĉ loverleaf (Fig. 4) .
The nucleotide substitutions in Fig 4 have been proposed by homology from a knowledge of the tRNAV 6 primary structure and from the similarity of the ribonuclease digestion products of tRNA^1 and tRNA^. The
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results given here eliminate the possibility that tRNA, and tRNA. are different modification forms of the same nucleotide sequence and the two molecules are evidently the products of different tRNA genes.
Preferential association of tRNA-with the soluble fraction of a chick fibroblast cell homogenate fractionated by differential centrifugation I t is possible that the various species of tRNA e are unevenly distributed between the different "compartments" of cells.
Evidence has been presented that aminoacyl-tRNA synthetases exhibit such intracellular compartmentation (21) .
Selective incorporation of tRNA-into the free tRNA pool of oncomaviruses might therefore be a consequence of virus location within the cell during the processes of maturation, assembly or release. To test this hypothesis, chick embryo fribroblasts were crudely fractionated by differential centrifugation as described in Methods. tRNA was isolated from the fractions thereby obtained, and after charging with S-methionine i t was analysed for its distribution of isoaccepting tRNA 1^ species. Fig 5 illustrates the Met-tRNA^* RPC-5 column profiles of these fractions.
The profile yielded by total chick embryo fibroblast Met-tRNA^ is given in Fig 5A. Peak 1, Met-tRNA^*, is the predominant form in nuclei mithochondria, ribosomes and microsomes (Table 3) .
The Met-tRNA 1^1 profile obtained from the soluble ("cytoplasmic") fraction is of considerable interest, since i t reveals a reduction in Met-tRNA!! 16 * , and Met-tRNA^ as the major species (47% Met of the total counts, Table 3 ). Much of the Met-tRNAj of mammalian cells exists bound to the 40S ribosomal subunit in the form of mRNA-free complexes (22) . A substantial fraction of cellular Met-tRNAy 61 " might therefore be sequestered in the form of these complexes. If Met Met-tRNA, is ribosome bound rather than free in the cytoplasm, this might partially explain the distribution found during cell fractionation.
Since the cells were fractionated only crudely, a cleaner purification procedure might have demonstrated more marked differences Mot* in the Met-tRNA isoacceptor profiles obtained from the various fractions.
Assuming that virus assembly occurs in the cell cytoplasm, tRNA^e t might be the only tRNA^* species which is freely available for inclusion within virions. Several enzyme activities are present within Discussion RPC-5 chromatography has resolved tRNA into three species although only one t r i p l e t , AUG, codes for internal methionine (24) .
Avian oncornaviral free 4S RNA contains a preponderance of only one of these isoacceptors, a molecule which appears to be indistinguishable from host cell tRNA^* (7). However, the three tRNA^* forms appear to be functionally similar since they a l l donate methionine to identical positions in in vitro synthesised proteins and each can therefore presumably decode all non-initiating AUG codons in mRNA. From the relative labeling of individual peptides in the experiments described here, i t was not possible to discern differences in the relative efficiencies with which the tRNA^ forms labeled internal methionines of proteins.
Post-transcriptional enzymatic modification of tRNA structures has been shown to have a profound influence on tRNA chromatographic properties (25) and therefore i t had been possible to reason that all three tRNAŝ pecies could be incorporated during virus maturation and that they subsequently became modified to tRNA. .
The studies reported here demonstrate that tRNA^1" and tRNA^* are not interconvertible forms of the same gene product and this hypothesis can therefore be discarded. Viral selection of tRNA^e could be due to an unequal distribution of tRNAs within cellular compartments and therefore reflect the location of the virus within the c e l l . Fractionation of chick embryo fibroblasts, provided some evidence in support of tRNA isoacceptor compartmentation The soluble fraction contained only a l i t t l e tRNA^1 and this species might not be readily available in the cytoplasm for incorporation into the virus.
In contrast a large amount of tRNA. might be freely available. Chick myeloblasts and transformed chick embryo fibroblasts, the host cells of AMV and RSV respectively, have a reduced amount of Met ' tRNA 3 as compared with chick embryo cells (9) . This could partially account for the reduction of viral tRNA^ *. However, tRNAg * was not reduced in the host cells in the 40,000 g supernatant fraction and there is no evidence to explain why the viruses should neglect to include this tRNA form. Sequence data for this molecule is not available and we have not excluded the possibility that tRNA^6 is a modification form of The distribution of tRNA forms between the two viral compartments, free and 70S-associated 4S, may reflect the steps involved in virus assembly. Cell fractionation indicated that the nuclei contain all four tRNA species, whereas the distribution is substantially different in the cytoplasm.
I f the RNA of viral nucleocapsid cores is assembled in the nucleus, where integrated viral DNA is transcribed into viral RNA, i t should be possible for all four tRNA isoacceptors to be incorporated into the 70S aggregate.
I f tRNA, et is then freely available in the cell Met cytoplasm whilst tRNA-j is s u b s t a n t i a l l y bound to ribosomes and membranes, the former can be collected in large quantities as the virus particle travels towards the cell membrane prior to its release.
However, i t is unlikely that the tRNA isoacceptor content of avian oncornavirus 4S is solely related to the spatial sequence of virus assembly and release with respect to the intracellular distribution of tRNA species.
The virion reverse transcriptase enzyme has a binding affinity towards the tRNA^1 isoacceptor but does not bind ^1 1 or tRNA^e t (14) . There is sufficient free transcriptase present in avian oncornavirus particles to explain the excessive amount of virion associated tRNAv 6 merely on the basis of the affinity of the enzyme for this particular tRNA species (J.E. Dahlberg, personal communication).
Whilst this binding might be the mechanism whereby tRNA-is actively selected for during viral maturation, cellular compartmentation of tRNA species might be the major factor preventing the incorporation of significant amounts of tRNA^*, tRNA^* and tRNA^* into the viral free 4S RNA. Fig 4 shows that tRNA^* primarily differ in the nucleotide modifications at positions 6, 20 and 49 of the cloverleaf. Consequently these two tRNA 1^* " species might be distinguished on the basis of differences in their modification patterns. In this respect i t is of considerable interest that viral reverse transcriptase exhibits a specific binding affinity towards tRNA^ (14) . There is considerable homology between the primary structures of tRNA Trp (26) and tRNA^e t (15) . The complete stem (a) (27) region of the cloverleaf is identical in these two tRNAs and no less than 49 nucleotides of the 75 nucleotide sequence of tRNA r p are conserved in the tRNAv 6 structure, neglecting nucleotide modification differences.
I t is surprising, however, that the tRNA, In Rous sarcoma virus, tRNA Trp , the other tRNA specifically bound by the transcriptase, is known to function as a primer molecule for transcriptase-catalysed RNA-dependent DNA synthesis (28, 20) . Although tRNA^* has no primer role in DNA synthesis, its association with the transcriptase enzyme is possibly not a fortuitous occurrence.
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